Abstract. We investigate η-η mixing in infrared regularized U (3) chiral perturbation theory by calculating the η and η masses up to one-loop order. From this analysis it becomes obvious that even at leading order η-η -mixing does not obey the usually assumed one-mixing-angle scheme if large Nc counting rules are not employed.
Introduction
The η-η mixing has been the subject of many investigations, see, e.g., [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Both particles can be described as mixtures of the octet component η 8 and its singlet counterpart η 0 . The η 8 , which is a member of the octet of the pseudoscalar mesons (π, K, η 8 ), differs from the singlet η 0 in a substantial way: it is a Goldstone boson whose mass vanishes in the limit of zero quark masses, while the η 0 is not due to the axial U (1) anomaly.
Phenomenologically, however, the situation for the η-η mixing still remains to be settled. Most of the investigations on this subject introduce one single mixing angle and extract a value from different kinds of data. These are, e.g., the anomalous η, η decays, η, η → γγ [1,2], decays of J/Ψ [3] [4] [5] , electromagnetic decays of vector and pseudoscalar mesons [6] , only to name a few. The values obtained in these investigations range from −13
• [6] to −22
• [2] . On the other hand, the Gell-Mann-Okubo mass formula for the pseudoscalar mesons yields a mixing angle of −10
• [7] . More recently, a two-mixing-angle scheme has been proposed by for the calculation of the pseudoscalar decay constants in large N c chiral perturbation theory. The two-angle scenario has been adopted in a phenomenological analysis on the twophoton decay widths of the η and η , the ηγ and η γ transition form factors, radiative J/Ψ decays, as well as on the decay constants of the pseudoscalar mesons [11, 12] . The authors observe that within their phenomenological approach the assumption of one mixing angle is not in agreement with experiment, whereas the two-mixing-angle scheme leads to a very good description of the data. These a e-mail: nbeisert@physik.tu-muenchen.de b e-mail: borasoy@physik.tu-muenchen.de two different mixing angles have been interpreted as one energy-dependent η-η mixing angle in [13] , where electromagnetic couplings between lowest-lying vector and pseudoscalar mesons were studied. As pointed out in these investigations, the analysis with two different mixing angles leads to a more coherent picture than the canonical treatment with a single angle. In particular, the calculation of the pseudoscalar decay constants within the framework of large N c chiral perturbation theory requires two different mixing angles [8] . (A similar investigation was performed in [14] but with a different parametrization.)
Recently, it has been shown in [15] that the η can be included in a systematic way in chiral perturbation theory without employing 1/N c counting rules. The loop integrals are evaluated using infrared regularization, which preserves Lorentz and chiral symmetry [16] . However, in [15] it was assumed that the η-η mixing follows at lowest order in symmetry-breaking the one-mixing-angle pattern, i.e. the mixing is described only by one mixing angle and its value was assumed to be −20
• .
The purpose of this work is to critically investigate η-η mixing up to one-loop order in infrared regularized U (3) chiral perturbation theory which provides a systematic counting scheme. Within this approach, loops start contributing at next-to-leading order while they are a next-tonext-to-leading order effect in large N c chiral perturbation theory.
We start in the next section by presenting the effective Lagrangian and η-η mixing at lowest order. The nextto-leading order calculation within this counting scheme including one-loop diagrams is presented in sect. 3. We also compare this approach with a scheme that takes only loops with Goldstone bosons into account omitting any propagation of an η inside the loop. Section 4 contains our results and we conclude with a summary in sect. 5.
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In this section, we present η-η mixing at lowest order in the framework of infrared regularized U (3) chiral perturbation theory. Note that we do not make use of 1/N c counting rules. The effective Lagrangian for the pseudoscalar meson nonet (π, K, η 8 , η 0 ) reads, up to second order in the derivative expansion [9, 10, 15] 1 ,
where U is a unitary 3×3 matrix containing the Goldstone boson octet (π, K, η 8 ) and the η . Its dependence on η 8 and η 0 is given by
The expression . . . denotes the trace in flavor space, f is the pion decay constant in the chiral limit and the quark mass matrix M = diag(m u , m d , m s ) enters in the combination χ = 2BM, with B = − 0|qq|0 /f 2 being the order parameter of the spontaneous symmetry violation. The external field θ is the QCD vacuum angle, which will be set to zero throughout this discussion. The covariant derivatives are defined by
They are defined in such a way that all the dependence on the running scale of QCD due to the anomalous dimension of the singlet axial current A 
which is the scale-independent combination of the octet and singlet parts of the external axial-vector field a µ . For θ = 0 the coefficients V i are functions of η 0 , V i (η 0 /f ), and can be expanded in terms of this variable. At a given order of derivatives of the meson fields U and insertions of the quark mass matrix M, one obtains an infinite string of increasing powers of η 0 with couplings which are not fixed by chiral symmetry. Parity conservation implies that the V i are all even functions of η 0 except V 3 , which is odd, and V 1 (0) = V 2 (0) = V 1 (0) − 3V 4 (0) = 1 4 f 2 gives the correct normalizaton for the quadratic terms of
